Quantum devices depend on addressable elements, which can be modified separately and in their mutual interaction. Self-assembly at surfaces, e.g. formation of a porous (metal-) organic network, provides an ideal way to manufacture arrays of identical quantum boxes, arising in this case from the confinement of the electronic (Shockley) surface state within the pores. We show that the electronic quantum box state as well as the inter-box coupling can be modified locally to a varying extent by a selective choice of adsorbates, here C 60 , interacting with the barrier. In view of the wealth of differently acting adsorbates, this approach allows for engineering quantum states in on-surface network architectures. 3 KEYWORDS: quantum box, electronic coupling, on-surface self-assembled network, surface state, adsorption Configurable quantum states are indispensable for the development of optoelectronic devices, including quantum-dot photovoltaics and light emitting devices. 1-3 Being able to govern locally the coupling between addressable quantum states, e.g. arranged in an array, provides the next level of control, which is desired for the further advancement of quantum technologies. 4 Towards higher level integration of quantum circuitry, i.e. for performing operations between different quantum states, the reliable manufacturing of identical quantum units at large numbers and the reproducible control of their interaction is of utmost importance.
(ARPES). STS accesses the local electronic structure of the quantum units and the barriers between them, whereas ARPES reveals how the overlap of the electronic wavefunctions of such units, i.e. the coupling, gives rise to a well-defined band dispersing in energy and momentum.
The dispersion of the bottom or top of a band can be approximated with a certain effective mass, thus giving information about the carrier velocity. These properties determine the carrier mobility and are, ultimately, of fundamental interest for quantum devices as well as their architectures. It is worthy to note that ARPES has been successfully used to probe quantum confinement in different materials 24, 25 and can even give an accurate description of many-body interactions. 24, 26 Here, we use the self-assembly of porphyrin derivative on a Ag(111) surface to fabricate a 2D periodic array of coupled quantum units, and we demonstrate that the transmission probability of the confining barrier, hence the inter-unit coupling, can be modified by deposition of adsorbates.
As a result, a perfect system is demonstrated to test various fundamental concepts related to quantum confinement and its use in quantum devices.
RESULTS AND DISCUSSION
The design of the building block. To fabricate a 2D periodic array of quantum units, we designed a porphyrin building block 1 to self-assemble into a porous network via C−H···F−C interactions, which have been reported for 3D crystals [27] [28] [29] [30] [31] as well as 2D assemblies on surfaces. [32] [33] [34] [35] [36] Specifically, 2',3',4',5',6'-pentafluorobiphenyl-4-yl and 3,5-dimethoxybiphenyl-4-yl substituents have been employed (Fig. 1a , for the synthesis see the Supporting Synthesis file) on the basis of earlier reports regarding 2D interactions between arenes and fluoroarenes [32] [33] [34] [35] [36] and the experience that functionalized porphyrins with two different, oppositely positioned binding groups are ideal building blocks for porous networks on crystal surfaces having (111) orientation, as reported for e.g. cyanophenyl 37 , alkoxyphenyl 38 and pyridine-derived 39 substituents. unit cell vectors of the Ag(111) substrate are indicated by green arrows (lines). The sets of spots for the "L" or "R" domains draw an angle of ±10° with the principle Ag(111) directions. The simulated LEED pattern is shown in the upper inset (cf. Fig. S3 ).
Structure of the porous porphyrin network. Zn(II) porphyrin 1 self-assembles in an extended hexagonal porous network on Ag(111) and is characterized by the presence of two mirror-image domains creating a (14 × 14)R ± 10° overlayer structure as evidenced by scanning tunneling microscopy (STM) and low energy electron diffraction (LEED) ( Fig. 1 ). High resolution STM images reveal that each domain is homochiral, i.e. it exclusively consists of a single one out of two conformational enantiomers, labelled as either "L" or "R", which occur upon adsorption of Zn(II) porphyrin 1 on the Ag(111) substrate and which are characterized by opposite torsion angles around the bond connecting the porphyrin macrocycle and the 3,5-dimethoxybiphenyl-4yl substituents (Fig. S1 ). As intended, the network is held together primarily by C−H···F−C interactions ( Fig. 2 and Fig. S1 ), although other interactions may also play a role. Noteworthy is the absence of any phenyl-pentafluorophenyl stacking interactions, which are observed in the 3D crystal structure of 1 (cf. Section 3.2 in Synthesis file) and typically in crystals of molecules with aryl and perfluoroaryl sub-units. [40] [41] [42] [43] [44] The on-surface 2D network is mainly comprised of regular pores enclosed by six Zn(II) porphyrin molecules 1 (Fig. 2, Fig. S1 ), denoted hereafter as small.
Between supra-molecular islands, a domain boundary in the form of a linear array of larger pores enclosed by eight molecules (Fig. 2) is observed (cf. Fig. S2 ). The latter pores are hereafter referred to as big.
Figure 2. dI/dV characterization of the barrier regions between the quantum boxes.
(1 st row) STM image (11 nm × 11 nm) and corresponding molecular model showing the arrangement of the individual molecules. The barriers between three different arrangements of the quantum boxes were investigated, namely between: (a) two small boxes, (b) two big boxes and (c) a small and a big box. For each barrier region dI/dV data were taken along a line through (2 nd row) a porphyrin macrocycle and as indicated by the yellow and black arrows superimposed on the STM image and the molecular model, respectively (the arrows illustrate the starting and the final points of each dI/dV line). (3 rd row) Selected dI/dV spectra taken at the positions marked by colored dots in the STM image, the molecular model and in the spatially resolved dI/dV spectra. The green and orange numbers indicate the value of the QBS peak shift towards higher BE at the position of the porhyrin macrocycle and the pentafluorophenyl substituents, respectively. The close-up dI/dV spectra of the QBS peak regions are shown in Fig. S5 . Please note that the asymmetry between the starting and ending point of the dI/dV line acquired across the porphyrin macrocycle in (b) is caused by the fact that the former was acquired closer to the pore centre, which is dominated by the state at −5 meV, whereas the latter closer to the rim of the pore dominated by the state at −80 meV (cf. Fig. S4 ). For the dI/dV data taken along a line through pentafluorophenyl substituents see Fig. S6 .
Quantum confinement in the pores of the network. On Ag(111) the Shockley surface state disperses across the Fermi level with its energy maximum just below the Fermi level, i.e. at the binding energy (BE) of 65 meV. 45 In the presence of the porous network, the surface state is shifted above the Fermi level, due to the confinement of the surface state electrons by the pores of the network, as evidenced by the characteristic peaks in our dI/dV spectra ( Fig. 2 ). Thus, each pore constitutes a quantum box (QB) embedded in a quantum array. The small pore features a quantum box state (QBS) peak at BE of −40 meV ( Fig. 2a , red spectrum), whereas the big pore exhibits two peaks: one at −5 meV ( Fig. 2b , violet spectrum), dominating in the centre of the pore and the second one at −80 meV ( Fig. 2c , violet spectrum), located at the rim of the pore (the exact spatial distribution of those QBSs is shown in Fig. S4 ).
Electronic inter-pore coupling. To modify the transmission probability of the molecular barrier, first the properties of the unmodified barrier have to be understood. For this purpose, spatially resolved dI/dV measurements were performed across the network backbone ( Fig. 2) .
Specifically, the barrier regions of three different pore arrangements were investigated, i.e.
between two small pores, between two big pores, and between a small and a big pore. The barrier between two small pores is characterized by the presence of a QBS peak, which is shifted towards higher BE by either ~5 meV at the position of the porphyrin macrocycle or by ~15 meV at the position of the pentafluorophenyl substituents ( Fig. 2a, Fig. S5 ). At the barrier between two big pores, the shift amounts to ~5 meV at the position of both the porphyrin macrocycle and the pentafluorophenyl substituents ( Fig. 2b, Fig. S5 ).
It is worth mentioning that the QBS shifts in the barriers of electronically coupled quantum systems towards higher BE are in accordance with the observations reported by Seufert et al. 11 for two coupled quantum wells. The authors demonstrated that in such a system the bonding component Ψ n of the quantum state dominates in the barrier region over the antibonding component Ψ n * . Therefore the former mainly contributes to the dI/dV signal measured above the barrier, causing the overall shift of the quantum state towards higher BE.
Importantly, first-principle density functional theory (DFT) calculations of a Zn(II) porphyrin 1 molecule adsorbed on Ag(111) reveal that there is a HOMO-LUMO gap centered around the Fermi level and that the charge distribution of Ag(111), especially in the first atomic layer, is significantly affected by the adsorption of Zn(II) porphyrin 1 (Fig. S7 ). Thus, the features close to the Fermi level detected in the dI/dV spectra taken at the barriers are QBSsrelated. The penetration into the barrier, and hence also the electronic interaction of the neighbouring pores, is critically dependent on the interaction of the components of the barrier with the confined surface state. In our example, both the porphyrin macrocycle and the pentafluorophenyl substituents affect the confined surface state and thus, both influence the lateral coupling between neighbouring quantum states.
At the barrier connecting a small pore with a big pore, the quantum states of these pores are both detected with a very low intensity and without a measurable energy shift ( Fig. 2c, Fig. S5 ).
That means that they both penetrate the barrier. This demonstrates the lack of electronic coupling between these pores due to the energy level misalignment.
The partial confinement of the Shockley surface state in the pores of the Zn(II) porphyrin 1 network on the Ag(111) surface is also suggested in ARPES data. In Figure 3a ARPES data collected for a sample partially covered with the network domains is shown. The electronic structure of this system is characterized by two states: (1) the Ag(111) Shockley state ( Fig. 3d ), originating from the bare surface, which crosses the Fermi level and reaches its maximum dispersion at BE ~ 65 meV, and (2) a state dispersing above the Fermi level, originating from the network, which we attribute to the partially confined state, resulting from the coupling between the electronic states of the QBs embedded in the array 8 (for better visualization, the ARPES spectrum was integrated over a small k-range around the band centre Fig. 3b , and the energy distribution curves -EDCs -have been extracted Fig. 3c ). Since the band maximum of the QBS is well above the Fermi level, it is only occupied by the small tail of the thermally broadened Fermi-Dirac distribution reaching above the Fermi level (note that the ARPES data have been collected at room temperature). This makes the photoemission intensity of the QBS in this system very much weaker than that of the Ag(111) Shockley state. One would expect the (14 × 14)R ± 10° overlayer super-structure to give rise to a reduced Brillouin Zone with boundaries at k = ±0.08 Å −1 , but since the QBS energy at that k value amounts to ~ 200 meV above the Fermi level, the thermal occupancy of the band results in such a low photoemission intensity that the presence or absence of this periodicity cannot be confirmed in the presented ARPES data. Another feature of the network, which also has to be taken into account, is that the vast majority of the pores is small, as the big pores are observed only at the domain boundaries (cf. Fig. S2 ), meaning that mainly the QBS of the former will contribute to the spatially-averaged ARPES signal. The QBS, however, is detected slightly further away from the Fermi level as by STS (cf. Fig. 2a and Fig. 3 ). This difference presumably arises from the temperature dependence of the energy of the QBS: the higher the temperature the more the confined state shifts towards lower BE 46 , the Shockley surface state 47 shifts likewise (note that the STS data were acquired at 4.2 K, whereas the ARPES data at room temperature). Additionally an uncertainty in Fermi level determination of ±10 meV needs to be taken into account.
In order to extract the effective mass (m*) of the system, we have fitted the bottom of both ARPES spectra of Fig. 3a with parabolas (for details see the Materials and methods section), and extracted m* = 0.40 ± 0.08 m e for the Ag(111) Shockley surface state in agreement with literature 45 , and m* = 0.38 ± 0.11 m e for the QBS. Thus, we have no evidence for a significant change of the effective mass of the surface state upon the network formation. This is in agreement with Ref. 48 , in which the effective mass of the surface state upon metal-organic network formation on Cu(111) changed from m* = 0.43 ± 0.01 m e to m* = 0.57 ± 0.02 m e (state below the Fermi level). In our study, due to the intrinsically reduced intensity above the Fermi level, the uncertainty in determining m* is significantly higher (± 0.11 m e ), therefore we cannot exclude a small change in m* for our QBS, i.e. comparable to the one reported in Ref. 47 .
Modification of the inter-pore coupling by adsorbates Next we investigated the possibility of a modification of the barriers via their interaction with adsorbates. For that purpose we chose two adsorbates exhibiting characteristically different electronic properties: a closed-shell noble gas
Xe and a strong electron acceptor, fullerene C 60 .
STM images acquired after Xe exposure revealed that two Xe atoms can adsorb on top of one porphyrin macrocycle (Fig. 4a ). Besides, single Xe atoms adsorb: i) on the porphyrin macrocycle, ii) between three pentafluorophenyl substituents and iii) between metoxy, pentafluorophenyl and phenyl groups (Fig. S9 ). Significantly increased Xe exposure resulted in the decoration of the network backbone and adsorption at the rim of the pores. No Xe was found to be adsorbed at the centre of the pores (Fig. S10 ) pointing at the repulsive interaction between Xe and the QBS (having its maximum at the centre of the pore), similar to the case of Xe adsorbed in the pores of the Cu-coordinated 3deh-DPDI network on Cu(111). 49 As revealed by dI/dV measurements (Fig. 4a ), the two Xe atoms adsorbed on the porphyrin macrocycle have almost no influence on the transmission probability of the barrier (red and green dI/dV spectra in In contrast, a single C 60 molecule adsorbed in the pore between two Zn(II) porphyrin molecules 1 (Fig. 4b ) reduces the barrier transmission probability (blue dI/dV spectrum in Fig.4b , spatially resolved dI/dV traces in Fig. 4b vs in Fig. 2a 2 nd row) . An even larger reduction of the transmission probability is caused by two C 60 molecules adsorbed in the pore close to the phenyl groups of three Zn(II) porphyrin molecules 1 (orange dI/dV spectrum in Fig. 4c vs blue dI/dV spectrum in Fig. 4b ).
The presence of C 60 molecule(s) in a pore additionally shifts the QBS to lower BE: to ~ -55 meV in case of a single C 60 and to ~ -65 meV in case of two C 60 molecules. Importantly, the reduction of the coupling between the pores is not caused by energy level misalignment, as there is still an overlap between the quantum states of an empty pore and a pore filled with one C 60 or two C 60 molecules. Furthermore C 60 molecules do not locally destroy the QBS on the rim of the pore and thus the inter-pore coupling, as evidenced by the presence of the modified QBS in the blue dI/dV spectrum in Fig. 4b and the magenta dI/dV spectrum in Fig. S13 . Thus, our results demonstrate that the adsorption of C 60 causes both: the modification of the barrier transmission probability and changes in the quantum box state.
Interestingly, the QBS peak is detected at the same energy at the position of the Zn(II) porphyrin 1 macrocycle for all three adsorbate cases (cf. gray dashed line in and green dI/dV spectra in Fig. 4) , as for the reference case (cf. dI/dV spectra Fig. 2a ). This issue will be discussed in the following section.
Modification of the confining barrier by adsorbates -DFT insights.
In order to understand the effect of the adsorbates on the confining barriers, we have analyzed the interactions between the Zn(II) porphyrin 1 adsorbed on Ag(111) and Xe/C 60 using DFT. While the reproduction of the entire pore structure is computationally prohibitive, this approach captures the essence of physics governing the interactions between the confining barriers and the adsorbates.
Our calculations have shown that two Xe atoms can bind on top of the N atoms of the Zn(II) porphyrin 1 macrocycle, as observed experimentally (cf. Fig. 4a ). In this case, the calculated adsorption energy amounts to only −0.18 eV and no chemical bond is formed (cf. Fig. S14a,c ),
suggesting the presence of weak van der Waals interactions. Notably, the two Xe atoms induce an almost negligible and very localized charge redistribution in Zn(II) porphyrin 1 (less than 0.01 e per Xe atom), while the Ag(111) substrate stays unaffected (Fig. 5a, Fig. S15a ). Thus the confining barrier remains almost unchanged, which explains why its transmission probability is not detectably modified. In agreement with the experiment (cf. Fig. 4b ), single C 60 favors the adsorption on Ag (111) close to the Zn(II) porphyrin 1 substituents, while no chemical bond is directly formed between C 60 and Zn(II) porphyrin 1 (Fig. S14b,d) . The presence of C 60 induces a significant charge redistribution in the Zn(II) porphyrin 1 substituents and in the pyrrole unit closest to C 60 , whereas the centre of the molecule remains almost unaffected (Fig. 5, Fig. 6c, Fig. S13b-16 , Movie S1).
Reversely, the presence of the Zn(II) porphyrin 1, results in an energy gain of 0.65 eV for C 60 Notably, the DFT results are in agreement with the experimentally obtained work function map displayed in Fig. 6b . It shows that the adsorption of a single C 60 near the Zn(II) porphyrin 1 results in the pyrrole unit and the substituents close to the adsorbed C 60 being more electropositive (green arrow) than the corresponding groups of a Zn(II) porphyrin 1 surrounding an empty pore (yellow arrows). Furthermore, the fact that the macrocycle center of Zn(II) porphyrin 1, as well as the Ag(111) underneath it, is scarcely affected by the adsorption of either two Xe atoms or by the adsorption of a single C 60 (Fig. 5 ), agrees well with the observation of the QBS peak at the same energy (Fig. 4ab , green spectra) as in the reference case ( Fig. 2a, green spectra). On the basis of Fig. S16c , which displays the charge difference plots for single C 60 adsorbed near a phenyl of one Zn(II) porphyrin 1, we assume that this is also the case for the adsorption of two C 60 near phenyl groups of three Zn(II) porphyrin 1 molecules (cf. Fig. 4c ).
CONCLUSION
In summary, we created an on-surface 2D array of coupled quantum boxes by careful design of the molecular building block. Upon adsorption of Zn(II) porphyrin 1 on Ag(111), an extended porous molecular network is formed. The pores confine the Ag(111) surface state and, in particular, the surface state-derived quantum box state is shifted above the Fermi level. The quantum boxes are electronically coupled and, importantly, adsorbates, i.e. Xe and C 60 , show a distinct influence on the transmission probability of the barrier: while Xe does not detectably affect it, C 60 reduces it significantly. This is confirmed by state-of-the-art DFT calculations, which revealed that Xe has almost no influence on the electronic structure of the confining barrier, whereas C 60 induces a strong charge redistribution within the barrier.
Our results suggest that a wide range of quantum arrays formed from functional molecular building blocks can be fabricated, and, in combination with different adsorbates, provide a rich playground for the modification of the quantum box properties. Thus, the quantum states embedded in on-surface structures can be engineered for exploring physical phenomena, which could be implemented into future quantum devices.
MATERIALS AND METHODS

Synthesis of Zn(II) porphyrin 1. The synthesis of Zn(II) porphyrin 1 is described in detail in
the Supporting Synthesis file. Figures S1,S2 ,S4,S6, S9, S11, S13, S17 the STM/STS data for a sample after 10 Langmuir (1.3 × 10 -7 mbar for 100 s) of Xe exposure are shown. Figure S10 presents the STM data taken after 100 Langmuir of Xe exposure, in which case the dosing time was increased 10 times by maintaining the same pressure as in the previous case. Both exposures resulted in an increase of the sample temperature to 8 K due to opening the cryoshield.
Sample preparation for STM/STS measurements
Note that all STM/STS data were acquired at 4.2 K, apart from Fig. S8 in which case the STM was operated at room temperature.
STM/STS measurements and their analysis For the STM measurements, the bias voltage is
applied to the tip. The bias voltages in the manuscript and the Supporting Data File refer to a grounded tip, such that the voltage axis in the dI/dV data can be related to the binding energy (BE) of the ARPES data.
STM measurements were performed in constant current mode with Pt-Ir tips (90% Pt, 10% Ir), prepared by mechanical cutting followed by sputtering and controlled indentation in the bare Ag(111) substrate. The majority STM images was acquired with a single Xe atom functionalized tip (cf. Tab. S1), which increases the spatial resolution. The exact tunneling parameters for the STM images presented in the main text and Supporting Data File are displayed in Tab. S1. The STM data were processed with the WSxM software. 50 For better comparability of the data, the color histograms of the STM images were adjusted. Low-pass filtering was used for noise reduction.
All dI/dV spectra were recorded with open-feedback loop and with Xe-functionalized tips.
Control spectra were acquired with a metallic tip, and no difference was observed in accordance with Ref. 51 . The lock-in parameters were 513 Hz (frequency) and 8 mV (zero-to-peak amplitude).
The dI/dV data presented in Fig. 2, Fig. 4, Fig. S4, Fig. S6 were acquired along the line indicated in the corresponding STM images and are displayed in form of spatially resolved dI/dV traces. The amount of measurement points for the traces was adjusted in dependence on the measured barrier (from 40 to 80 points per line). The initial tip conditions when taking dI/dV spectra amounted to -200 mV/150 pA, with the exception of the dI/dV data shown Fig. 4a , in which case -200 mV/50 pA was used. The reason for more delicate initial tip conditions when investigating Xe atoms adsorbed on a Zn(II) porphyrin 1 macrocycle is the relatively weak interaction strength, which led to desorption when harsher dI/dV parameters were applied. The dI/dV maps presented in Fig. S4 were extracted from a grid spectroscopy measurement, in which an area of 6 nm × 5 nm was mapped with a resolution of 30 points × 25 points. At each point, a dI/dV spectrum was measured (initial tip conditions -200 mV/150 pA). As described in detail in Ref. 52 , the value of the initial voltage was chosen such, that no quantum box state or network backbone-related contribution was present (cf. Fig. S7a ). Owing to this, a normalization procedure could be performed by setting the same dI/dV value at the setpoint energy for all dI/dV spectra. In this way, artefacts originating from local work function variations are eliminated. Fig. 6 and Fig. 1c, Fig. S3 ).
I(z) measurements and their analysis. The work function maps presented in
ARPES measurements and their analysis. ARPES data were acquired at the beamline I3 of the synchrotron radiation source of MAX-III (Lund, Sweden). The Ag(111) crystal was prepared by consecutive cycles of Ar + sputtering and annealing, similarly to the preparation used for the STM/STS measurements. The Zn(II) porphyrin molecules 1 were deposited with the use of a home-made evaporator. The rate prior to deposition was checked by QCMB.
It is worth mentioning that collecting ARPES data from organic materials is a challenging task 8 , as organic molecules can be destroyed by the incident UV light (beam-damage). A way to overcome this problem is to use a defocused light source and low photon energies for the experiment. Therefore beamline undulator was detuned in order to reduce the intensity of the photon beam, hence avoiding any radiation damage to the sample. The slits were set such that a light spot of 0.5 mm on the sample was obtained. Such a large light spot minimizes flux (and hence beam-damage), but causes a reduction in the angular resolution (and hence momentum resolution) of the ARPES measurement, estimated to be 0.04 1/Å for the measurements presented in Fig. 3 of the main text. A photon energy of 21 eV was sufficient to keep the molecules intact over the whole acquisition time amounting to ~1 h. Moreover, no signs of degradation in the ARPES data were observed, even after several hours of experimental time, demonstrating the full viability of this approach for studying the particular system presented here.
The ARPES measurements were carried out at normal emission and at room temperature. The choice of the temperature is extremely important, since it induces a broadening of the Fermi-Dirac distribution, resulting in a promotion of thermal electrons from states below to states above the Fermi level. This allows the detection of electronic states even at energies above the Fermi level. However, the spectral intensity of such states is so weak that it is barely detectable by eye.
In order to enhance the intensity of these states with respect to the intensities below the Fermi level, we normalized the data by a Fermi function at room temperature. In addition, since the Fermi function goes exponentially to zero for low BE values, in order to avoid numerical issues in dividing the spectral intensity by 'zero', we added a small constant to the Fermi function (i.e. 0.03). Whilst the normalization allows an exceptionally good enhancement of the spectral features above the Fermi level, it artificially moves the centre of mass of the spectral intensity towards the Fermi level, resulting in an apparent small energy shift of the band minimum. Fig. 3a ). Those peak positions have been fitted with parabolas ( Fig. 3a) , from the curvature of which the effective masses were extracted.
DFT calculations.
First-principle density functional theory calculations were performed using the Vienna ab initio simulation code (VASP) [54] [55] [56] [57] with the generalized gradient approximation (GGA) and the projector augmented wave (PAW) method. 58, 59 The plane-wave cutoff energy was set to 400 eV. The adsorption of Zn(II) porphyrin 1, C 60 , Xe and their co-adsorption on the three layer FCC slabs of Ag (111) was modelled using 10×10 supercell. The vacuum layer thickness was about 17 Å. Atoms of the bottom layer of the Ag slab were kept fixed. All the other atoms were fully relaxed until the residual forces became less than 0.02 eV/Å. The structural optimization was performed using the Γ k-point. Gaussian smearing was applied to improve convergence. Additional calculations using larger supercell (the systems containing up to 800 atoms) showed that the adsorption energies of Zn(II) porphyrin 1 and C 60 The authors declare no competing financial interest.
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